Nonlinear optical parameters are found for intrinsic and n-doped Indium Antimonide, using a hybrid CW/TEA CO 2 laser producing microsecond pulses. The Z-SCAN method is used, with both open 1 and closed aperture. In addition, transverse ring pro les of defocussed beams are analyzed. Results are obtained for 10. 6 m and 9. 6 m radiation, and can be used to model the behaviour of devices.
Introduction
A semiconductor material which has been widely studied for its optical properties is Indium Antimonide 1]{ 26]. It shows a usable optical nonlinearity at room temperature in the 9-11 m wavelength range of the CO 2 laser 2, 26, 5, 14, 10, 11, 13, 17, 18, 16, 15, 9, 23, 27, 7, 28] and it is therefore important to develop e ective models of its behaviour, and to determine the values of its physical parameters.
This material has been studied extensively at room temperature using the hybrid CW/TEA CO 2 laser. The work has covered two-photon absorption coe cient measurement, self-defocussing, and optical bistability in InSb, 9], at room temperature and 10. 6 m. The model for production of carriers through competition between two photon absorption and Auger recombination developed by Wei Ji et al 9] has been followed in our research, as has the identi cation of the free carrier population as the dominant in uence on nonlinear refraction and absorption. Wei Ji et al used a 3-5 microsecond long pulse along with an assumption of a quasi-steady-state in the carrier population, due to the pulse length being much longer than the longest carrier time constant, in this case the recombination time. We also satisfy this condition. Pulses from a hybrid CW/TEA CO 2 laser pass through a series of Ni wire mesh attenuators to a pair of 127mm focal length ZnSe lenses used as a telescope to bring the beam to a gentle focus. This helps to avoid exceeding the damage threshold of the sample. A spatial lter is placed at the focus between the two lenses. The sample is moved along an optical rail through the waist over a distance of 80cm. A room temperature HgCdTe detector, The hybrid laser has a CW gain section within the cavity to ensure a single longitudinal mode during pulsing and to partially suppress the gain switched peak at the beginning of the pulse 32]. As the heating of the sample from the continuous laser can cause an increase in linear absorption, as well as a thermal refractive index change, it was found necessary to turn the CW discharge down to just above threshold. The pulse tail is roughly 4 microseconds long, and ramps smoothly downwards. This region is used to ful l the quasi-steady-state approximation and to produce scans over a range of irradiances, using the slow temporal irradiance variation. A temporal record of the approximately 7mJ laser pulse is shown in Figure 2 . The laser wavelength can be changed using a di raction grating which acted as one of the laser cavity re ectors.
Transverse beam pro ling was achieved using the HgCdTe detector on X and Y translation stages. A beam monitor was used to check for excessive shot-to-shot variation. The process was computer controlled. This facility was used for nonlinear ring scanning, far-eld detector centring, Gaussian beam con rmation, and determination of the beam radius at the waist.
A knife edge method was used to nd the beam waist, using knife scans at some 14 points along the beam. It gave a good determination of the waist location, however subsequent far eld beam pro les, in conjunction with Gaussian beam propagation theory, gave a much more precise and consistent value for the radius at the waist. Figure 3 shows a hyperbolic t to the beam radii found using the knife method. Figure 4 shows a theoretical Gaussian t to a far eld pro le of the laser pulse.
A spectral scan showed that the /4 layers of ZnSe, which were used for antire ection coating, reduced the surface re ectivity from 35.5% to between 4% and 8%. The linear absorption coe cient for the intrinsic sample was determined from its spectral scan to be 1230 150 m ?1 .
Modelling
The model used for tting to the experimental data involves propagating an initially Gaussian irradiance and spherical phase distribution through the sample using a numerical di erential equation solver on the two coupled nonlinear equations: (2) where I is irradiance, z is displacement, n i is the intrinsic carrier concentration, is phase, k is the wave number, a is the free carrier absorption crosssection, n is the refractive index change per free carrier. Note that the linear absorption is ascribed completely to intrinsic free carriers. Values of a n i , which were more precise than those presented earlier in this paper from the 
in the quasi-steady state approximation; t is time, is the two photon absorption coe cient, and i is the intrinsic Auger recombination time at low carrier modulation. The carrier di usion length is much shorter than the smallest beam radius used, so on the scale of the transverse beam pro le, the generated carriers recombine at approximately the same place they are produced. Hence di usion is neglected.
The exit irradiance and phase are converted to electric eld values and then Gauss-Laguerre mode coe cients are found from a Gauss-Laguerre quadrature integral on the eld values. These modes are then propagated to any distance and can be summed to nd the total eld at any radial point.
In the context of tting the model to the experimental results, the free parameters are n and i , since a is xed by the linear absorption and the intrinsic carrier concentration. Note that the carrier production equation (4) of InSb. The heat equation was modelled using a di erence equation for a radially symmetric beam, and only transverse di usion was considered. The sample was thin enough for this to be a fair approximation. By the end of the pulse, the maximum parameter changes due to heating, when the sample is one Rayleigh range from the waist, would be approximately 25% of the room temperature values. For the sample placed at the beam waist, the corresponding thermal parameter changes immediately after the pulse peak were calculated to be approximately 25% and, by the end of the pulse, the parameter changes should be roughly 50% of the room temperature values.
The thermal changes were also tested by comparing defocussed ring pro les for the same instantaneous irradiance but from di erent times of pulses of di erent power levels. The restrictions on the data used should keep thermal changes in material parameters to less than 13%.
A ring scan for 10. 6 m radiation is shown in Figure 7 . The sample was placed 1.55 Rayleigh ranges after the waist for the ring scan experiments at 10. 6 m. For the ring scans at 9. 6 m, the sample was located 2.08 Rayleigh ranges after the waist. In this con guration, the sample defocusses the beam into concentric rings. Note that the same model parameters were used to t all three experiments | the closed and open aperture Z-scans and the ring scan, and further, that these parameter values were obtained as the best t for experiments made at a range of incident irradiances.
The experimental results at 9. 6 m were somewhat less accurate than at 10. 6 m. This was due to three factors: 1) The beam monitor responsivity at 9. 6 m was only 34 % of the responsivity at 10. The material parameter values which gave a best t to the data were found using a least squares residual map over the parameter space. This least squares analysis relied on having only random errors in the data. The systematic error noted above resulted in a breakdown in the simple smallest residual technique for the closed aperture and ring scan experiments at 9. 6 m. In these cases, hand tting of the theory was required. For the cases where the least squares residuals method was successful, the uncertainties in the parameter values were found using a method derived from Sadler 34] .
The Hessian of the surface of residuals was found by noting that the plot of the exponential of the residuals as a function of any one free parameter is a Gaussian. From the expression for this Gaussian and the corresponding plot derived from the data, the Hessian was extracted. Using this quantity, and the residual at the best t point, the 95% con dence interval was found and taken as the error in the parameter value.
The determined material parameter values are shown in table 1. In this table, l is the sample thickness, 0 is the linear absorption coe cient and R is the coated surface re ectivity. is de ned by a Kerr law approximation to the nonlinear refractive index change, given by n = I, where I is irradiance. The value of , and the resulting value of (3) , which are shown are only approximations, since the full Auger model can not be properly represented as any single power law in irradiance.
Discussion of Intrinsic InSb Results
The parameter values shown in table 1 For comparisons of values of either or i to be made, a value of either one of these parameters had to be assumed, since only the product was ex-perimentally determined. As no mechanism has been suggested for a photon wavelength dependence of i , this was assumed to be the same for 10. 6 m and 9. 6 m. Using this assumption, a ratio was found between the values of at 9. 6 m and at 10. 6 m, which was denoted by 9:6=10:6 . The experimental results gave the value: There is some uncertainty in the estimates of some parameters due to weak dependence of the nonlinear behaviour on them, so that the results are unable to critically test solid state models, although it can be said that they are consistent with the latest and most complete theories available.
Such weak dependence, on the other hand, allows the model to give quite a good picture of the (quasi-steady-state) temporal and spatial behaviour of the optical nonlinearity of InSb, and is suitable for design and modelling of nonlinear optical devices operating with long pulse CO 2 lasers 28].
6 Extension to n-doped InSb.
Closed aperture Z-scans were performed on a sample of n-type InSb, which was purchased from Cominco Electronic Materials, British Columbia, Canada. 6) where n i is the intrinsic carrier density and n 0 is the actual carrier density.
However, the carrier production equation for non-negligible excitation, using two-photon absorption and the Auger recombination rate found from For the n-type sample used here, the ratio of the unexcited free electron density to the intrinsic carrier density is: where n is as de ned above. This would be a useful approximation to make, as the exact solution to equation 7 is rather complicated. In fact, this is the low excitation approximation we wish to return to.
To establish the validity of this approximation, the equivalent power law 
where all parameter values are the same as for intrinsic InSb, except for n , which is a reduced recombination time. The reason for the modi cation of the form of equation 10 is that it must be converted to a dimensionless form before the power law is changed, otherwise the units change. (15) where is the change in the absorption coe cient.
Evidence of free carrier defocussing was found at high irradiances in the experimental results for this sample. However, the sample also showed a linear nonuniformity in refraction and absorption, which was seen to be consistent with a radial doping distribution. Figure 9 is closed aperture Z-scan which shows defocussing combined with an apparent ramping of the low power transmissivity. In addition, a thermal focussing nonlinearity was detected in the Z-scans from later in the pulse. For these reasons, linear Z-scan data from very early in the pulse, prior to both thermal and free carrier nonlinearities, were subtracted from all the other Z-scans, to remove the linear signal drift. This revealed a more regular Z-scan shape for the data. Figure   10 shows one of these di erence Z-scans from very early in the pulse, and gives clear evidence of a defocussing nonlinearity. 
The variables are de ned as follows: dn=dT is the thermo-refractive coecient, o is the linear absorption coe cient, is the mass speci c heat of the material, is the material density, and F is the uence. This model is similar to a thermal nonlinearity described in 29] . As this is a form of Kerr law, the simple technique involving the transmissivity change between the peak and valley of the closed aperture Z-scan 29, 33] was used to nd the thermal T from the experiment. The experimental value was only 7 % larger than the expected theoretical value, which was within the experimental error. This adds weight to the the material parameter values used in the approximate thermal di usion model mentioned earlier in this paper. The parameter values used in the free carrier and thermal nonlinearity calculations are given in 
Conclusion
In summary, we have tted results of Z-scan and ring-scan measurements on intrinsic InSb to a quasi-steady-state model to deduce values for the important parameters: a , the free carrier absorption cross-section; n , the refractive index change per free carrier; and i , the product of the two photon absorption coe cient and the intrinsic carrier Auger recombination time.
The results are generally consistent with previous estimates.
As expected, n-type indium antimonide shows a weaker free carrier defocussing nonlinearity which can be overwhelmed late in the pulse by a self focussing thermal nonlinearity.
The parameter values found here for intrinsic InSb should also be valid for transient nonlinear material response. However, the model is much more di cult to calculate. In the course of the Z-scan experiments performed for this research, transient data was acquired from the peak of the pulse. This data will be analysed in the near future using better numerical techniques to check the parameter values, but with the particular advantage that the recombination time can be found independently from the two photon absorption coe cient in the non-steady-state model. 
